In vitro fertilization has become increasingly popular as an infertility treatment. In order to improve efficiency of this procedure, there is a strong need for a refinement of existing embryo assessment methods and development of novel, robust and non-invasive selection protocols. Studies conducted on animal models can be extremely helpful here, as they allow for more extensive research on the potential biomarkers of embryo quality. In the present paper, we subjected mouse embryos to non-invasive time-lapse imaging and combined the Particle Image Velocimetry analysis of cytoplasmic dynamics in freshly fertilized oocytes with the morphokinetic analysis of recordings covering 5 days of preimplantation development. Our results indicate that parameters describing cytoplasmic dynamics and cleavage divisions independently correspond to mouse embryo's capacity to form a high-quality blastocyst. We also showed for the first time that these parameters are associated with the percentage of abnormal embryonic cells with fragmented nuclei and with embryo's ability to form primitive endoderm, one of the cell lineages differentiated during preimplantation development. Finally, we present a model that links selected cytoplasmic and morphokinetic parameters reflecting frequency of fertilization-induced Ca 
Introduction
In vitro fertilization (IVF) is currently one of the most important methods for treating infertility. In spite of a great advancement in IVF procedures that took place in the last decades, their efficiency, measured as a live birth rate per cycle, reaches 50% in young patients, but is several times lower in older patients (e.g. in the US in 2014, a cumulative outcome per egg retrieval cycle, including transfers performed with fresh and frozen embryos, was 54.4% for women younger than 35 years old but only 3.9% for women older than 42 years old, according to Society of Assisted Reproductive Technologies (SART), www.sart.org). To increase the chances for pregnancy, multiple embryos can be transferred in a single procedure, but this often results in multiple pregnancies, and, in consequence, in serious health complications for mothers and their babies (Walker et al. 2004 , Ombelet et al. 2005 . Therefore, there is a strong tendency to limit the number of embryos transferred in a single cycle. This in turn puts a constant pressure on scientists and physicians to develop novel, reliable methods of selecting the most viable embryos for transfer.
One of the most promising methods used to assess embryo's quality, defined usually as its ability either to develop to the blastocyst stage or to implant and give rise to a healthy newborn, is the morphokinetic analysis based on a time-lapse imaging of preimplantation embryonic development. Morphokinetic parameters include absolute timings of blastomere divisions and main morphological events, such as compaction and cavitation, as well as relative timings, such as length of a cell cycle and synchronicity of divisions in each cleavage round. Dynamics of cleavage divisions reflects most likely quality of nuclear and cytoplasmic components of the embryo (reviewed in Ajduk & Zernicka-Goetz (2013) and Milewski & Ajduk (2017) ). It has been reported that IVF cycles, in which time-lapse monitoring was used to select transferred embryos, have a significantly better reproductive outcome (e.g. implantation and pregnancy rates) than cycles, in which traditional morphology assessment was applied , Aparicio et al. 2013 , Herrero & Meseguer 2013 , Findikli & Oral 2014 , Rubio et al. 2014 , Siristatidis et al. 2015 , AparicioRuiz et al. 2016 . However, others claim that although morphokinetic parameters can predict embryo potential to achieve a blastocyst stage, their analysis increases neither implantation nor pregnancy rate (Cruz et al. 2011 , Kirkegaard et al. 2013 , Polanski et al. 2014 , de los Santos et al. 2014 , Armstrong et al. 2015 , Racowsky et al. 2015 , Ahlstrom et al. 2016 , Goodman et al. 2016 , Kieslinger et al. 2016 . This dispute indicates that there is a strong need for improvement of morphokineticsbased embryo assessment protocols. One of the possible solutions is to combine the morphokinetic analysis with other biomarkers of embryonic quality.
Cytoplasmic dynamics in freshly fertilized oocytes is a good example of a potential additional biomarker. It can be visualized, similarly to morphokinetics, by timelapse monitoring, but obtained images require further analysis by a Particle Image Velocimetry (PIV) algorithm that follows movement of amorphous objects, such as cytoplasm (Ajduk et al. 2011) . Fertilization-induced Ca 2+ oscillations trigger rhythmic actomyosin-mediated spasms that translate to fast directional cytoplasmic movements (so called speed-peaks). The spasms last only for several hours after fertilization, until pronuclei are formed (Ajduk et al. 2011) . Similar pattern of cytoplasmic movements has been also reported for human oocytes (Swann et al. 2012) . Analysis of cytoplasmic dynamics provides information on functionality of the zygote cytoskeleton, especially its actomyosin component (reflected by the mean basal speed (mbs), i.e. mean cytoplasmic speed in periods between the speed-peaks), and on the frequency of Ca 2+ oscillations (reflected by the mean inter-peak interval (mii), i.e. mean length of time intervals between the subsequent speed-peaks). Both these properties are crucial for a proper embryonic development, with actomyosin cytoskeleton responsible for organelle trafficking and cellular divisions, and Ca 2+ transients serving as a trigger for completion of meiosis, initiation of mitotic divisions, zona pellucida-mediated block to polyspermy and as a regulator of mitochondrial activity and gene expression in the embryos (Dumollard et al. 2004 , Ozil et al. 2005 , Campbell & Swann 2006 , Ducibella et al. 2006 , Sun & Schatten 2006 , D'Avino et al. 2015 . It has been shown that cytoplasmic dynamics corresponds to developmental potential of mouse embryos (Ajduk et al. 2011) .
In the present paper, we wished to examine correlations between developmental potential of mammalian embryos and variable parameters obtained solely from the information provided by non-invasive time-lapse imaging. Our imaging protocol combines the PIV analysis of cytoplasmic dynamics in freshly fertilized oocytes and the morphokinetic analysis of recordings covering the 5-day period of the preimplantation development. At the end point, we wished to examine not only embryos' ability to cavitate, but also quality of the resulting blastocysts, i.e., the total number of cells, proportion of cells with fragmented nuclei (most likely apoptotic cells (Martelli et al. 2001 , Vanden Berghe et al. 2013 ) and percentage of cells representing the first-embryonic cell linages building the blastocyst (epiblast (EPI), trophoblast (TE) and primitive endoderm (PE); reviewed in Zernicka-Goetz et al. (2009) and Cockburn & Rossant (2010) ), and therefore we used mouse embryos as a model. This approach was particularly important because, until now, there have been no data on the association between cytoplasmic or morphokinetic parameters and embryo's ability to form the first-cell lineages requisite for the further, postimplantation development. We showed that cytoplasmic parameters (the mbs and the mii) and morphokinetic parameters correspond independently to a mouse embryo's capacity to form a high-quality blastocyst, specifically to the total number of cells in a 5-day-old embryo, the percentage of abnormal cells with fragmented nuclei and a percentage of PE cells. Most importantly, however, we prove that cytoplasmic and morphokinetic parameters can be combined in a multivariate regression model explaining 45% of variability in the total number of cells in a 5-dayold embryo. Uniqueness of our model lies in the fact that it includes variables reflecting diverse cellular properties known to affect developmental potential of the embryo: pattern of Ca 2+ oscillations, quality of nuclear apparatus and functionality of the cytoplasmic component.
Materials and methods

Animals
F1 (C57Bl6/Tar × CBA/Tar) mice were maintained in the Animal Facility of the Faculty of Biology, University of Warsaw at 14:10 light/dark cycle and provided with food and water ad libitum. Animals were sacrificed by cervical dislocation. All experiments were approved by the Local Ethics Committee for Experimentation on Animals no. 1 (Warsaw, Poland) and were performed in compliance with the national regulations.
IVF
Female mice were superovulated with intraperitoneal injection of 10 IU of pregnant mare serum gonadotrophin (Intervet) followed 48 h later by 10 IU of human chorionic gonadotrophin (Intervet). 15 h later, oocytes surrounded by cumulus cells were recovered from oviducts into 100-µL droplets of fertilization medium with 5 mg/mL bovine serum albumin (BSA, SigmaAldrich) (Fraser 1982) . Epididymal sperm was isolated from male mice and capacitated in 0.5 mL of fertilization medium for 1.5-2 h, and then 10 µL of sperm suspension was added to the droplets with oocytes. Gametes were co-incubated in 37.5°C and 5% CO 2 in air for 2 h and then oocytes with visible signs of sperm penetration (anaphase bulges, fertilization cones, 2nd polar body forming) were selected for imaging.
Imaging and PIV analysis of cytoplasmic movements
Cytoplasmic movements in fertilized oocytes were imaged and analysed as described by Ajduk et al. (2011) . In short, fertilized oocytes were placed on a glass bottom dish (MatTek) in a 20-μL droplet of M2 (M16 buffered with Hepes, Fulton & Whittingham (1978) ) medium covered with mineral oil and imaged for 2.5 h under an inverted microscope (Zeiss Axiovert) at 37.5°C. High-resolution bright field images (without DIC) from a single equatorial plane were collected by a camera attached to the microscope (Zeiss AxioCam HRm) through a 20× objective (Zeiss Plan Neofluar 20×/0.5) every 10 s (light source: a halogen lamp Hal 100 set at 1.5 V, exposure time: 4 ms, binning 1 × 1, image resolution with a co-site sampling: 2600 × 2060 px). Images were analysed by a PIV method using a custom written software (available on request from Dr Shane Windsor, University of Bristol; Ajduk et al. 2011 , Swann et al. 2012 in MATLAB (Mathworks) based on algorithms adapted from MatPIV v1.6.1 (Sveen 2004) . Two parameters describing cytoplasmic dynamics were measured: the mbs of the cytoplasm and the mii (Fig. 1A) . The mbs was calculated as the average cytoplasmic speed recorded in periods between rapid, directional cytoplasmic movements (i.e. speed peaks). The mii was calculated as an average time interval between speed peaks recorded during the period when the fertilization cone (i.e. a cortical protrusion above the sperm chromatin) was present.
Time-lapse imaging of the preimplantation development and morphokinetic analysis
Zygotes imaged for the cytoplasmic movements were transferred individually to 9-or 16-well dishes (PrimoVision) and were cultured in 20-µL droplet of KSOM medium (Speciality Media, Merck Millipore) for 5 days. During this period, they were subjected to time-lapse recording (every 10 min) under the PrimoVision imaging system enclosed in a standard embryo culture incubator maintaining constant culture conditions (37.5°C, 5% CO 2 in air). Images acquired by PrimoVision software were analysed and morphokinetic parameters were calculated (Fig. 1B) . The morphokinetic parameters included: (1) t NEBD -time between the beginning of insemination and the disappearance of pronuclei in the zygote; (2) t 2 to t 8 -periods between the beginning of insemination and the moment when embryo reaches a certain number of cells, e.g. 2 cells for t 2 , 3 cells for t 3 , etc.; (3) t comp and t cavit -time between the beginning of insemination and compaction and cavitation, respectively; (4) m 1 -duration of the 1st embryonic M-phase, i.e., period between disappearance of pronuclei and 2-cell stage; (5) cc 2a,b and cc 3a-d -duration of the cell cycle for 2-or 4-cell stage blastomeres, respectively; (6) s 2 and s 3 -synchronicity of 2nd and 3rd rounds of cleavage divisions, respectively; (7) s cavit -a period between compaction and cavitation.
Immunofluorescence staining
After 5 days of in vitro culture, embryos were fixed individually in 4% PFA (30 min, RT), permeabilized with 0.5% Triton-X100 (30 min, RT) and blocked with 3% BSA. CDX2, a TE marker, was labelled with mouse monoclonal antibody (1:50, BioGenex, Fremont, CA, USA) followed by a TRITC-conjugated goat antimouse IgG (1:200; Jackson ImmunoResearch Laboratories), and GATA4, a PE marker -with rabbit polyclonal antibody (1:100; Santa Cruz Biotechnology) followed by an Alexa-633-conjugated goat anti-rabbit IgG (1:200; Life Technologies). Embryos were incubated in a mix of primary antibodies overnight in 4°C, washed in PBS and 3% BSA and then incubated in a mix of secondary antibodies for 2 h in RT. DNA was stained with chromomycin A3 (0.01 mg/mL in PBS; Sigma-Aldrich; 30 min, RT or overnight, 4°C). Embryos were analysed by an inverted confocal microscope (Zeiss 510 LSM Meta) (Fig. 1C) . Cell numbers were calculated manually in Fiji software.
Statistical analysis
Nominal variables were compared by the chi-squared test with Yates' correction. For numerical variables, normality of distribution was verified by the Shapiro-Wilk test. As the distribution of analysed parameters was not normal, we used the median and quartiles as estimates of their central tendency and dispersion. Differences between two groups were assessed by the non-parametric Mann-Whitney U test, and differences between multiple (more than two) groups were assessed by the Kruskal-Wallis test. Spearman's rank correlation coefficient was used to show correlations between analysed numerical variables. Univariate and multivariate logistic regression analyses were conducted to assess the influence of cytoplasmic and morphokinetic parameters on embryo ability to achieve a blastocyst stage. In the case of numerically dependent variables (the total cell number in the embryo after 5-day culture, the percentage of cells with fragmented nuclei in the embryo after 5-day culture and the percentage of PE, EPI and TE cells in the ≥64-cell embryo after 5-day culture), univariate and multivariate linear regression analyses were performed. Statistical significance was determined at the P < 0.05 level. Statistical inference was conducted using Stata/IC 12.0 (Stata Corp. LP.) and Statistica 12.0 (StatSoft).
Results
In order to create a model associating preimplantation developmental potential of a mouse embryo with parameters reflecting dynamics of cellular processes, we combined two types of time-lapse imaging-based approaches: analysis of cytoplasmic movements and morphokinetics. We correlated analysed parameters with embryo's ability to cavitate, its total number of cells and proportions of cells with fragmented nuclei and cells expressing markers of the first-embryonic cell linages (TE, EPI and PE) (Fig. 1) . In these experiments, we analysed 166 embryos in total, and 89.8% (149/166) of them achieved a blastocyst stage. The mean total number of cells in embryos fixed after 5-day culture (n = 143) was 95.0 +/− 39.3 and the percentage of cells with fragmented nuclei (i.e. probably apoptotic (Martelli et al. 2001 , Vanden Berghe et al. 2013 ) ranged from 0% (in blastocysts) to 100% (in embryos arrested before the blastocyst stage), reaching a median of 3.6%. Majority of the analysed embryos (76.2%, 109/143) achieved at least 64-cell stage, when the first-embryonic cell lineages are already formed (Chazaud et al. 2006 , Saiz et al. 2013 a transcription factor expressed specifically in TE cells (Strumpf et al. 2005) ), 7.7% PE cells (assessed by immunostaining of GATA4 protein, a transcription factor expressed specifically in PE cells (Cai et al. 2008) ) and 6.0% presumed EPI cells (cells that did not express either CDX2 or GATA4).
Cytoplasmic dynamics reflects embryo's ability to achieve a blastocyst stage and is associated with blastocyst quality
First, we examined whether under our experimental conditions, cytoplasmic dynamics reflects developmental potential of mouse embryos, as it has been shown before (Ajduk et al. 2011) . As expected, fertilization generated rhythmical changes in cytoplasmic speed in the oocytes that lasted until pronuclei were formed (Fig. 1A) . The analysis of the cytoplasmic movements indicated that embryos, which failed to cavitate, had significantly lower mean cytoplasmic speed than those that formed blastocysts (median 9.12 vs 12.19 nm/s, P = 0.006) and tended to generate more frequent Ca 2+ oscillations (median of the interval between subsequent Ca 2+ transients: 14.44 vs 25.63 min, P = 0.06) ( Table 1 ). In the latter case, the difference did not reach a statistically significant level probably due to a small number of embryos that arrested before the blastocyst stage. As both parameters were monotonic in the analysed range, we subjected them to a univariate logistic regression analysis, which indicated that 1 nm/s rise in the mbs and 1 min rise in the mii increased chance for achieving a blastocyst stage by 30 and 15%, respectively (Table 2) .
We did not notice statistically significant correlations between the mbs or the mii and the total number of cells in the embryo (after 5-day culture), the percentage of cells with fragmented nuclei or the percentages of cells representing the first-embryonic cell linages (Supplementary Tables 1, 2 and 3, see section on supplementary data given at the end of this article). However, the regression analysis revealed that these cytoplasmic parameters explain (in a linear or quadratic form, or combination of these two) a certain percentage of variability in the total number of embryo's cells or in the proportions of cells with fragmented nuclei and PE cells (Tables 3, 4 and 5). The total number of cells in the embryo was associated with a combination of linear and quadratic forms of the mii and 1 min rise in this parameter increased the total cell number by 8.41-0.15(2mii + 1) cells (Table 3) . It means that if the mii rises from 10 to 11 min, then the total cell number in the embryo increases by 8.41 -0.15(2*10 + 1) = 5.26 cells. However, if the mii rises from 20 to 21 min, then the total cell number increases only by 2.26 cells, and if it rises from 40 to 41 min, the total cell number decreases by 3.74 cells. Combination of linear and quadratic forms of the mii was also related to the percentage of abnormal cells with fragmented nuclei: 1 min rise in the mii decreased this percentage by 2.1-0.04(2mii + 1) percentage points (Table 4) . It means that if the mii rises from 10 to 11 min, then the percentage of cells with fragmented nuclei in the embryo decreases by 2.1 -0.04(2*10 + 1) = 1.26 percentage points. However, if the mii rises from 20 to 21 min, then the percentage of such cells decreases only by 0.46 per cent points, and if it rises from 40 to 41 min, the percentage increases by 1.14 percentage points. The percentage of cells with fragmented nuclei was also associated with the mbs value: 1 nm/s rise in the mbs decreases the percentage of these abnormal cells by 0.9 percentage points (Table 4) . Moreover, the mbs in a quadratic form correlates with the percentage of PE cells (only embryos that achieved 64-cell stage, i.e. stage when all three first-embryonic cell linages are already present (Chazaud et al. 2006 , Saiz et al. 2013 , were analysed here): 1 nm/s rise in the mbs increased the percentage of PE cells by 0.006(2*mbs + 1) percentage points. It means that if the mbs rises from 7 to 8 nm/s, then the proportion of PE cells in the embryo increases by 0.006(2*7 + 1) = 0.09 percentage points; however, if the mbs rises from 14 to 15 nm/s, then the proportion increases almost twice as much, by 0.17 percentage points (Table 5) . We did not observe any association between cytoplasmic parameters and a percentage of TE or EPI cells.
Morphokinetic parameters are associated with embryo's ability to form a high-quality blastocyst Next, we assessed whether morphokinetic parameters are indicative of preimplantation developmental potential of mouse embryos, as it has been reported for human embryos (Wong et al. 2010 , Conaghan et al. 2013 , VerMilyea et al. 2014 , Milewski et al. 2015 , Yang et al. 2015 , Aparicio-Ruiz et al. 2016 , Motato et al. 2016 . According to our observations, embryos that did not cavitate divided and compacted at a significantly slower rate than those that reached the blastocyst stage (Table 1 ). This clearly indicated that in mouse, unlike in humans , Milewski et al. 2015 , 2016a ,b, Motato et al. 2016 , morphokinetic parameters are monotonic and can be directly subjected to a logistic regression analysis. Depending on a parameter, 1 h prolongation decreased chances of the embryo to achieve a blastocyst stage by 10% (for t 4 ) to almost 100% (for m 1 ) (Table 2) . Moreover, all examined morphokinetic parameters correlated with the total number of cells in the embryo (after 5-day culture) and the strongest association Table 2 ). In general, the slower the divisions, the higher the degree of nuclear fragmentation observed. The strongest association was found for timings t 3 -t 5 (R > 0.35). According to a univariate linear analysis, 1 h prolongation in division timings increased the percentage of cells with fragmented nuclei by 0.3 (for t cavit and s cavit ) to 5.7 (for t NEBD ) percentage points (Table 4) .
Interestingly, several morphokinetic parameters related to the first three rounds of cleavage divisions (up to t 6 ) correlated with the embryo's ability to form PE, although the association was weaker than for the embryo's total cell number or the percentage of cells with fragmented nuclei (Supplementary Table 3 ). The strongest association (R < −0.25) was observed for t NEBD , t 2 and again for t 3 and t 5 . According to the univariate linear regression analysis performed on embryos that achieved 64-cell stage, 1 h prolongation of these morphokinetic parameters decreased the percentage of PE cells by 0.3 (for t 5 ) to 1.0 (for t 2 ) percentage points (Table 5) . We did not observe correlation between any of the morphokinetic parameters analysed and the percentage of TE or EPI cells (Supplementary Table 3 ).
Limited interdependence between cytoplasmic and morphokinetic parameters
Next, we wished to examine whether cytoplasmic dynamics analysed shortly after fertilization corresponds to the dynamics of subsequent cleavage divisions. Interestingly, both the mbs and the mii correlated with the length of cell cycle in 2-cell stage blastomeres (cc 2a and cc 2b ; Table 6 ). Additionally, the mii correlated with the length of cell cycle in 4-cell stage blastomeres and with division times from t 5 to t 8 . The strongest association (R < −0.25) was observed between the mbs and cc 2a and the mii and cc 2a and t 6 (Table 6 ).
Combined analysis of cytoplasmic and morphokinetic parameters helps to assess the total number of cells in the embryo
Since only a limited number of cytoplasmic and morphokinetic parameters were interdependent, we were able to combine these two sets of parameters and create a statistical model assessing embryo's developmental potential, defined as the total number of cells after 5-day culture. Our model, based on a multivariate linear regression analysis, included Table 7 ). According to our model, 1 h prolongation of t 4 or t comp (when values of the other two parameters were unchanged) decreased the estimated total number of embryonic cells by 1.70 and 1.84 cells, respectively. On the other hand, 1 min rise in the mii increased the total cell number by 5.39-0.09(2mii + 1) cells. It means that if the mii rises from 10 to 11 min, then the total cell number in the embryo (assuming that values of other two parameters remain unchanged) increases by 5.39-0.09(2*10 + 1) = 3.5 cells. However, if the mii rises from 20 to 21 min, then the total cell number increases only by 1.7 cells, and if it rises from 40 to 41 min, the total cell number decreases by 1.9 cells. Therefore, our model comprises two long-standing observations: firstly, slower divisions and delayed compaction indicate lower developmental potential of the embryo; secondly, there is a certain range of the speed-peak frequency (i.e. the frequency of Ca 2+ oscillations) optimal for the embryonic development: both too frequent and too rare Ca 2+ transients are detrimental for the embryo.
Combined imaging of cytoplasmic dynamics and morphokinetics is safe for the preimplantation development of mouse embryos
In order to investigate whether imaging required for the combined analysis of cytoplasmic and morphokinetic parameters affects preimplantation development of mouse embryos, we examined their ability to cavitate and form the first three embryonic cell lineages. We found that 93.7% (60/64) of embryos that were initially imaged every 10 s for 2.5 h (imaging for the cytoplasmic analysis) and then every 10 min for the next 5 days (imaging for the morphokinetic analysis) cavitated before the end of the in vitro culture. Similar rate of cavitation was observed for the control embryos (Fig. 3A) . The average number of cells in embryos subjected to the combined imaging was similar to values achieved in the other three groups of embryos (medians of 125.0, 98.0, 97.5 and 133.5, respectively, P > 0.05), the same as the average percentage of cells with fragmented nuclei, Impact of the combined imaging required for the analysis of cytoplasmic and morphokinetic parameters on preimplantation development of mouse embryos. (A) Rate of blastocyst formation for 5-day-old embryos subjected to the combined imaging required for cytoplasmic and morphokinetic analyses (cyto + morpho, n = 64), only cytoplasmic imaging (cyto, n = 79), only morphokinetic imaging (morpho, n = 64) or only standard in vitro culture without imaging (in vitro culture, n = 73). (B) Total number of cells and (C) percentage of cells with fragmented nuclei in 5-day-old embryos subjected to the combined imaging required for cytoplasmic and morphokinetic analyses (cyto + morpho, n = 62), only cytoplasmic imaging (cyto, n = 76), only morphokinetic imaging (morpho, n = 62) or only standard in vitro culture without imaging (in vitro culture, n = 68). (D) Percentage of TE cells, (E) PE cells and (F) EPI cells in 5-day-old embryos with at least 64 cells, subjected to the combined imaging required for cytoplasmic and morphokinetic analyses (cyto + morpho, n = 57), only cytoplasmic imaging (cyto, n = 56), only morphokinetic imaging (morpho, n = 46) or only standard in vitro culture without imaging (in vitro culture, n = 61). Graphs (B, C, D, E and F) present median and the first and the third quartile values. The ends of the whisker are set at 1.5*IQR above the third quartile and 1.5*IQR below the first quartile. Dots show the minimum and maximum values if they are outside the range (outliers).*P < 0.001.
i.e., potentially apoptotic cells (medians of 2.9, 3.7, 4.5 and 3.1%, respectively, P > 0.05) (Fig. 3B and C) . However, we noticed that embryos subjected exclusively to the cytoplasmic imaging or the morphokinetic imaging had slightly less cells that embryos just cultured in vitro (P < 0.01). It is difficult to explain this discrepancy, and we surmise that it may be related to a natural variability between individual embryos, especially that, due to equipment limitations, the under-achieving groups were obtained and filmed separately from the control, non-imaged embryos and embryos subjected to the combined imaging. We also cannot exclude a possibility that manipulations and illumination related to filming may have after all some impact on the rate of cell division, especially when a cohort of embryos occurs to be more susceptible to suboptimal external conditions. Additionally, we calculated the average percentages of TE, PE and EPI cells in embryos that had at least 64 cells after 5-day culture: they were also the same for all four types of embryos (TE: medians of 81.4, 81.5, 81.2, 83.3%, respectively, P > 0.05; PE: medians of 8.8, 9.3, 8.0, 8.0%, P > 0.05; EPI: medians of 6.1, 6.1, 5.7, 5.8%, respectively, P > 0.05) (Fig. 3D , E and F). In summary, combined imaging required for the analysis of both cytoplasmic and morphokinetic parameters does not alter the preimplantation development of mouse embryos.
Discussion
In the present paper, we showed that both cytoplasmic and morphokinetic parameters can serve as biomarkers of embryo's ability to form a good-quality blastocyst, and that they are associated with the total number of cells in 5-day-old embryos. Moreover, we showed that embryos subjected to the combined imaging, required for the analysis of cytoplasmic and morphokinetic parameters, display the same quality of preimplantation development as embryos filmed exclusively for the cytoplasmic or the morphokinetic analysis, and, most importantly, as embryos that were cultured in vitro without any kind of imaging. Although embryos subjected to single-type imaging had, quite unexpectedly, less cells at the end of the in vitro culture than embryos that were cultured in vitro without imaging, in all four groups embryos formed the first-embryonic cell lineages with the same proportional efficiency. It has been shown that one of the key requirements for a full-term development is a sufficient number of EPI cells at the time of implantation (estimated for mice as at least four; Morris et al. 2012) and this number was on average reached by embryos subjected to both combined and single-type imaging, as well as by non-imaged embryos. Although we cannot exclude a possibility that filming affects the rate of cell divisions in embryos and in consequence decreases their developmental capacity at later stages, the fact that it did not prevent them from reaching the EPI threshold suggests that they were likely to maintain a sufficient developmental potential to undergo a successful postimplantation development. Indeed, numerous publications prove that mammalian embryos subjected only to one type of imaging, cytoplasmic or morphokinetic, or simply only to the in vitro culture can successfully implant and give rise to healthy newborns (Nakahara et al. 2010 , Pribenszky et al. 2010 , Ajduk et al. 2011 , Cruz et al. 2011 , Kirkegaard et al. 2012 , Weinerman et al. 2016 . Since data presented here indicate that embryos subjected to the combined imaging develop during preimplantation stages at least as well as other types of analysed embryos, it is plausible that the combined imaging also does not inhibit the postimplantation development of embryos. It is important to mention, however, that in our experiments, we used F1 hybrid mice, which produce oocytes and embryos relatively resistant to adverse effects of experimental manipulations and in vitro conditions. We achieved very high percentage of cavitation, significantly higher than values reported usually for human or cattle embryos (Tamassia et al. 2003 , Cruz et al. 2011 , Catteeuw et al. 2017 , Sfontouris et al. 2017 . Thus, further research is required first to verify the safety of our imaging method for more sensitive objects, and second, to investigate how our observations refer to embryos with lower developmental rates. The fact that the cytoplasmic and morphokinetic parameters correlate with the embryo's ability to form a good-quality blastocyst does not mean that they directly contribute to the embryo's ability to cavitate or to form the first-cell linages; they just reflect other cellular properties that are crucial for developmental potential of the embryo. Therefore, to understand what statistical analysis of the mbs, the mii and the cleavage timings tells us about embryo quality, we need to identify cellular properties affecting cytoplasmic or morphokinetic dynamics.
Analysis of the cytoplasmic movements provides data related to quality of the oocyte: its cytoskeleton and its machinery involved in the generation of sperminduced Ca 2+ oscillations. Low mean cytoplasmic basal speed reflects hindered dynamics of the actomyosin cytoskeleton: both depolymerization and overstabilization of actin filaments, the same as inhibition of myosin, resulted in significantly decreased mbs (Ajduk et al. 2011) . Disturbed functionality of the actomyosin cytoskeleton leads to altered organelle trafficking and/or problems with executing cytokinesis in cells (Sun & Schatten 2006 , D'Avino et al. 2015 , and, in consequence, decreases developmental potential of embryos. Indeed, we noticed that zygotes displaying slow movement of the cytoplasm were less likely to develop to the blastocyst stage, had more abnormal cells with fragmented nuclei and less PE cells. Analysis of cytoplasmic speed could be especially useful in the case of cryo-preserved oocytes, as both slow freezing www.reproduction-online.org
Reproduction ( and vitrification tend to disrupt actin cytoskeleton of the cell (Saunders et al. 1999 , Hosu et al. 2008 , Luciano et al. 2009 ).
Since the fast directional cytoplasmic movements are triggered by Ca 2+ elevations (Ajduk et al. 2011) , the second cytoplasmic parameter, the mii, reflects the mean interval between subsequent Ca 2+ transients and thus describes frequency of Ca 2+ oscillations. Ca 2+ oscillations trigger numerous processes essential for the proper embryonic development, such as completion of meiosis in the oocyte, formation of the zona-dependent block to polyspermy or initiation of cleavage divisions. Moreover, they have been shown to regulate activity of mitochondria, recruitment of maternal mRNAs and expression of embryonic genome (Dumollard et al. 2004 , Ozil et al. 2005 , Campbell & Swann 2006 , Ducibella et al. 2006 ). All the abovementioned processes require that Ca 2+ concentration in the cytoplasm is elevated for a certain time, and the total duration of this elevation depends, among others, on the frequency of Ca 2+ transients (Ozil et al. 2005 , Ducibella et al. 2006 . Importantly, it has been shown that both overly limited and overly prolonged Ca 2+ elevation changes the expression pattern of genes involved in the embryonic development and impairs perimplantation or postimplantation development of the embryo . We found that embryos displaying too frequent Ca 2+ oscillations (low mii) tended to arrest even before the blastocyst stage. Interestingly, we also noticed that although an initial rise in the mii was beneficial for the embryo (it led to an increase in the total number of embryo's cells after 5-day culture and to a decrease in the percentage of cells with fragmented nuclei), a further increase in the mii value depressed the embryo's quality (it decreased the total number of cells and increased the percentage of cells with fragmented nuclei).
Division timings that are the main target of morphokinetic analysis also reflect a wide range of embryo's properties, both cytoplasmic and nuclear (reviewed in Ajduk & Zernicka-Goetz (2013) and Milewski & Ajduk (2017) ). Timely divisions may indicate that activation events accompanying fertilization, such as Ca 2+ oscillations, occurred correctly, cytoskeleton is functional and mitochondria provide sufficient amounts of energy required for DNA synthesis and chromosome segregation. It has also been suggested that timely divisions correspond to a high-quality nuclear apparatus. Delayed divisions may be a sign of DNA damage or chromosomal aberrations that activated one of the cell cycle checkpoints and halted the cell cycle progression. Interestingly, recent results obtained for mouse embryos have shown that missegregation of chromosomes does not strongly affect length of the cell cycle, at least at 8-to 128-cell stage (Bolton et al. 2016 , Vazquez-Diez et al. 2016 . On the contrary, in human 1-to 8-cell stage embryos, aneuploidy seems to affect at least some division timings (Chavez et al. 2012 , Vera-Rodriguez et al. 2015 , indicating that there may be species-and/ or stage-related differences in the blastomere reaction to ploidy defects. Our results show that division timings of the 2nd and 3rd rounds of cleavage are the most potent indicators of embryonic developmental potential. They are indeed frequently used in algorithms assessing quality of human and animal embryos (Wong et al. 2010 , Conaghan et al. 2013 , VerMilyea et al. 2014 , Cetinkaya et al. 2015 , Milewski et al. 2015 , Motato et al. 2016 , Weinerman et al. 2016 , Milewski & Ajduk 2017 ). This seems logical, because irregularities present in early embryonic stages are inherited by more descendant blastomeres and compromise viability of the embryo more heavily. For the same reason, as we showed in the present paper, delay in the early cleavage events (e.g. zygotic NEBD or first embryonic divisions) affects the percentage of abnormal (probably apoptotic) cells with fragmented nuclei in the embryo more than a delay at the later developmental stages.
Interestingly, our analysis indicates that there is one important difference between mouse and human morphokinetics. In mice, morphokinetic parameters tend to be monotonic, i.e., unidirectional change in their value (e.g. an increase) leads to a unidirectional change in the output. In contrast, in humans many morphokinetic parameters are non-monotonic, e.g., cleavage divisions that are both too slow and too fast correlate with the poor embryo quality, so a prolongation of the cleavage timings first increases the embryo quality, then, beyond a certain value, decreases it , Milewski et al. 2015 , 2016a ,b, Motato et al. 2016 , Milewski & Ajduk 2017 ). This discrepancy is probably caused by the fact that, unlike human embryos, mouse embryos usually do not undergo the so-called direct cleavages (i.e. divisions to 3 or more daughter cells within less than 5 h that are detrimental for the embryo quality (Campbell & Fishel 2015) ) and therefore they do not divide 'too fast'.
Our results also indicate that there is a limited interdependence between cytoplasmic dynamics in freshly fertilized oocytes and dynamics of cleavage divisions. We observed that the mbs is associated only with early cleavage timings, namely with length of the cell cycle in 2-cell stage blastomeres. As robust activation of the embryonic genome in mice starts at the 2-cell stage (Flach et al. 1982 , reviewed in Li et al. (2013 and Biechele et al. (2015) ), quality of the cytoskeleton inherited from the oocyte and reflected by the mbs is no longer crucial for the divisions at later developmental stages. On the other hand, the mii is associated with a much wider range of morphokinetic parameters, including timings of both early and late cleavage events. This also accords with our knowledge about biology of mammalian embryos: as mentioned before, the pattern of Ca 2+ oscillations impacts many aspects of embryonic development, including those associated with later developmental events (Ozil et al. 2005 , Ducibella et al. 2006 . Finally, we showed that a combined analysis of cytoplasmic dynamics and morphokinetics can help to assess the total number of embryo's cells after 5-day culture. We set the total number of cells as our indicator of embryo's viability because it reflects directly the quality of the embryonic cell cycles resulting from the quality of the nuclear apparatus, energy metabolism, cytoskeleton, etc. Our model is based on 3 parameters: (i) the mii, (ii) t 4 and (iii) t comp . It assumes that there is a certain range of speed-peak frequency (i.e. frequency of Ca 2+ oscillations) optimal for the embryonic development (Ozil et al. 2005 , Ducibella et al. 2006 . It also reflects the fact that a delayed division to the 4-cell stage (high t 4 value) and delayed compaction (high t comp value) mirror most likely the condition of the nuclear apparatus and the cytoplasmic component of the embryo. Timing of compaction is a particularly interesting parameter as compaction involves reorganization of the cellular cytoskeleton and formation of new intercellular connections between blastomeres but does not depend directly on the cell cycle progression (Kojima et al. 2014) . As cellular cytoskeleton is often damaged during freezing and thawing procedures (Saunders et al. 1999 , Hosu et al. 2008 , Luciano et al. 2009 , Dalcin et al. 2013 , Hendriks et al. 2015 , Kulíková et al. 2016 , timing of compaction could be especially useful for selection of embryos obtained from cryo-preserved oocytes (or simply for selection of cryo-preserved embryos, although in such cases, another algorithm that does not require imaging immediately after fertilization would have to be used). It is however important to note that our model has only a correlative character and, before it can be used clinically, it needs to be redeveloped as a predictive model and undergo a successful validation.
In summary, analyses of cytoplasmic dynamics and morphokinetics provide a great amount of information about the embryo's wellbeing. Many of the parameters obtained by time-lapse imaging correspond to embryo quality markers such as the ability to cavitate, the total number of cells, the percentages of cells with fragmented nuclei and percentage of PE cells reached at the end of preimplantation development. Most importantly, however, we show that models that combine cytoplasmic and morphokinetic parameters and reflect diverse cellular properties of the embryo may help to improve existing protocols of the embryo quality assessment.
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